The extreme Tyne (Northumbria, UK) flood in January 2005 provided the opportunity to reassess flood risk and to link peak discharge and flooded area to probability of occurrence. However, in spite of the UK guidance on flood risk assessment given in the Flood Estimation Handbook (FEH), there is still considerable subjectivity in deriving risk estimates. A particular problem for the Tyne arises from the effects of river bed gravel extraction both on the reliability of gauged discharges and in the interpretation of historical level data. In addition, attenuation and drawdown of Kielder Water has reduced downstream flood risk since 1982. Estimates from single-site, pooled estimates and historical information are compared. It is concluded that the return period of the observed flood was around 71 years on the lower Tyne and was probably the largest flood since 1815. 
INTRODUCTION
The flood on 7-8 January 2005 on the River Tyne (Northumbria, UK), as on the neighbouring River Eden, was of exceptional magnitude, exceeding by a considerable margin all previous gauged floods on the lower South Tyne and main Tyne (Fig. 1) , and causing severe damage to both land and property. Although previous severe winter floods on the Tyne have often had a snowmelt contribution, the 2005 flood was caused entirely by extreme rainfall (Archer et al., 2007) . The occurrence of such a recordbreaking flood provides an opportunity for linking flood extent and damage to risk or return period, which is the key information required for design standards for flood protection, flood warning and flood insurance.
The usual methods of flood risk assessment are based on either using long gauged records from a single site or, in the UK, by using pooled records from a group of similar gauged sites assumed to be homogeneous as defined in the Flood Estimation Handbook (FEH) (Institute of Hydrology, 1999) . However, assessment of flood risk using local gauged data raises issues concerned with the accuracy, reliability and homogeneity of the gauged data series. With respect to pooled estimation using FEH methods there are concerns with the homogeneity of the flood generating properties of the catchments selected for pooling.
Historical flood information provides a complementary basis for assessment, with the advantage of using a longer record for the basin in question, but again with concerns about the reliability and consistency of available information. This study examines some key characteristics of the 2005 flood and assesses its severity using single-site and pooled estimation, as well as the record of historical flooding on the Tyne. Analysis is focused on the flow gauging station at Bywell (Fig. 1) which is used as representative of flood conditions on the main Tyne.
The occurrence of such extreme floods often reveals aspects of hydrological behaviour which were either unexpected on the basis of less severe events, or which highlight anticipated but previously unobserved behaviour. In a complementary paper, Archer et al. (2007) describe characteristics of the January 2005 storm rainfall and runoff generation on the River Tyne basin, flood effects and damage. Analysis of hydrological aspects of flood generation can provide the basis for improved management of and response to the recurrence of such events.
FLOOD ESTIMATION PROBLEMS SPECIFIC TO THE RIVER TYNE

Accounting for the effects of gravel extraction
The River Tyne has undergone major alterations to the channel due to gravel extraction. Archer (2003) estimated that 4.5 million tons of gravel had been extracted commercially at 15 sites on the South Tyne and Tyne over the period from 1890 to 1970. Bed levels have been significantly lowered, in some cases by as much as 3 m. As a result, observed peak flood water levels no longer represent the same discharge as they did in the past at many locations, making comparison of the January 2005 flood with both gauged and historical floods difficult.
Commercial gravel extraction also occurred downstream from Bywell gauging station from 1955 to 1961, and was followed by a long period of gradual re-deposition. The resulting changes in bed level altered the stage-discharge relationship at the gauging station. Given the shifting control, current meter gauging at high flows has been insufficient to define changes in rating and to ensure reliability and consistency in the annual maximum flood series or flood frequency analysis for the period before 1982. The early record was reconstructed by considering how Bywell flows were related to the combined upstream flows from the rivers North and South Tyne as represented by the gauging stations at Reaverhill and Haydon Bridge, whose records are consistent throughout their period of operation. The sum of the tributary peaks from the North and South Tyne was compared with those at Bywell. A distinct difference in relationship occurs between upstream and downstream flows for the early period from 1960 to 1981 and the later period from 1982 onward (Fig. 2) .
The adopted procedure was to accept the ratio for the period from 1982 and apply it to the sum of upstream flows for all annual maximum events before 1982. This procedure removes the natural variability in ungauged inflow between events, but, on average, it is considered to reproduce a credible flood series at the downstream station. 
Accounting for effects of Kielder Water
Flows in the North Tyne and Tyne have been fundamentally altered since 1982 by the creation of Kielder Water, a large manmade reservoir with a catchment area of 240 km 2 (11% of the Tyne basin area to the tidal limit). The reduction in contribution from the Kielder basin is the result of both storage attenuation and the practice of maintaining the reservoir level below full to limit reservoir spill and thus to optimize hydropower releases. Since 1984, there has been an average of only five days with spill per year. Therefore, flood flows before the construction of Kielder Water need to be adjusted to take account of the flow reduction in assessing present and future risks. A comparison was made of flows on the North Tyne before and after the reservoir was constructed, and it was concluded that the amount of reduction due to Kielder Water is likely to increase as the flood discharge increases. It was concluded that, in order to convert the historical flood series before 1982-which includes a natural Kielder contribution to flow in the Tyne-to the present regulated condition, a reduction in the observed annual maximum ranging from 114 m 3 s -1 at mean annual flood to 225 m 3 s -1 at 20 years return period and above should be applied. The Bywell record as measured has been used from 1982 onward.
FLOOD RISK ASSESSMENT USING GAUGED DATA
Single-site estimation
Single-site analysis is generally appropriate when there is a long record and the target return period is less than the record length. The FEH (Flood Estimation Handbook; IH, 1999) statistical method and the generalised logistic (GL) distribution, recommended as the default for UK flood frequency estimation, were applied to the data set of annual maxima as derived above for Bywell. Design discharges and the assessed return period of the 2005 flood for Bywell and a further five gauging stations on the North and South Tyne are shown in Table 1 . Bayliss & Reed (2001) discussed the inclusion or exclusion of such extreme flood outliers and insisted they must be included. However, Luo (1987) suggested that the design flood is usually changed considerably after the occurrence of an extraordinary flood, while Beran (2002) noted that the introduction of a "record breaker" into an annual maximum series causes bias by steepening the slope of the flood frequency curve. Flood estimates for a given return period, immediately after a record breaker, are higher than before its occurrence. In succeeding years after the record breaker, the Fig. 3 .
Nevertheless, the analysis indicates how vulnerable the assessment of risk of rare events can be to sampling error and to the particular period of gauged record available using single-site analysis.
Pooled estimation
The use of pooled data exposes the assessment to different risks. The analysis makes the principal assumption that the basins selected for inclusion in the pooling group are homogeneous in their flood generating characteristics. The group is chosen to be hydrologically similar to the subject site by grouping together basins of similar size, soils and wetness. The calculation of similarity and the selection of similar basins are carried out automatically using the WINFAP-FEH software. Nevertheless, it is not possible to guarantee homogeneity, even in those basins judged most similar on the basis of the standard parameters. Experience suggests that, for large basins such as the Tyne, the similar basins are distributed throughout the UK and may experience different climate (e.g. vulnerability to snow) or basin conditions, which are not characterised in the measured descriptors (e.g. flood plain storage) (Archer, 1989) .
Whilst the median annual flood (QMED) is assessed from the gauged (and adjusted) annual maximum time series for Bywell, the growth curve is determined from the pooled flood growth curves for the selected similar stations using the GL distribution. The pooled flood frequency curve is shown in Fig. 3 .
It is noted that the pooled flood estimation results in a much steeper flood growth curve than that derived by single-site estimation. Consequently, the pooled estimated return period of the 2005 flood is much lower than that obtained using single-site estimation (Table 1) . One possible problem with pooled estimation is that it does not allow for the extent of reservoir effects in the pooled basins. The pooling group record is considered homogeneous according to FEH criteria, but the large lake effect is not taken into consideration in the FEH assessment of similarity. It is difficult to select a pooling group containing basins with an equivalent level of lake or reservoir effect. In addition, previous studies (Archer & Kelway, 1987) have shown that Pennine basins in general have low rates of flood growth. Whilst it would be usual to accept this estimate in preference to the single-site estimate, the following review of historical flooding suggests that the single-site estimate may be more realistic.
FLOOD RISK ASSESSMENT USING HISTORICAL DATA
Assessment using historical data has the advantage over analysis using gauged data of having a much longer record, and over pooled analysis, of using only data from the target catchment. However historical data are often incomplete, rarely precise, and reported levels are often incapable of being transformed into discharges owing to natural changes in channel geometry (Rumsby & Macklin, 1994) or gravel extraction (Archer, 2003) . Rigorous evaluation of historical flood data is required, which includes comparison of flood level and extent at multiple sites between historical and gauged floods.
Several statistical procedures have been developed for combining gauged and historical data in assessing flood risk. These procedures are usually based on a "censored data" framework developed by Leese, (1973) and elaborated by US Water Resources Council (1982); Stedinger & Cohn (1986) ; and many others. Such procedures typically require the identification of all occurrences of historical and gauged floods above a fixed reference threshold, preferably with known flood magnitudes, but sometimes with unknown or poorly defined levels. Hirsch (1987) notes that, to use historical flood records, the minimum requirement is that one must be able to state the flood's rank as an annual flood within some particular period of time. The procedure adopted here is to set the reference threshold at the level of the January 2005 flood. Historical data are then reviewed to determine which events were, or may have been, greater than the reference level (Archer, 1999) . Hence, a rank is allocated to the 2005 flood (and larger floods) over a specified period (whose duration is discussed below). In the case of the Tyne, the assessment of historical flood magnitudes is impractical owing to channel changes. However, the focus on determining the rank of the highest gauged flood in 2005 enables a return period to be allocated both to a known flood discharge and to a known flood extent based on postflood survey.
Historical analysis requires bringing together information from a wide range of sources and making comparisons at different locations. A comparison is first made with the most recent large flood in 1955, just before the gauged record began, then with earlier floods in the preceding two centuries.
Sources of historical flood information
A northeast England regional archive of historical flood information was created during research for Land of Singing Waters (Archer, 1992) and was revisited for this analysis. The archive was developed from a wide range of sources including: (a) Published accounts of the great floods of 1771 and 1815 by Garret (undated) and Bell (1816) , and a more general historical flood account by Richardson (1849) . Reliance has been placed on comparisons of surveyed levels at a few locations and a wider comparison of flooded property and the extent of flooding. Precise comparison is complicated by the changes in channel geometry as a result of gravel extraction activities, which were greatest in the mid 1950s. In some locations, incision of the channel has significantly increased the bankfull capacity. At other locations, such as in the reach in the vicinity of the bridge at Corbridge, the changes have been much smaller. In some cases, the level in 1955 is higher than that in 2005; in other cases it is lower. Table 2 shows a selection of comparisons.
The evidence of surveyed levels is conflicting. However, in those instances where the 1955 level is higher, at Bywell and Hexham, the channel has been considerably deepened by gravel extraction. Locations at Ovingham, Prudhoe and Warden may also have been influenced to a lesser extent by gravel extraction, but Corbridge is believed to have been little affected and gives the most reliable indication that 2005 was the In contrast, on the North Tyne, gauged flow records suggest that the January 1955 flood was higher than that in 2005 by approximately 175 m 3 s -1 , the difference being largely due to attenuation by Kielder Water, constructed in the intervening period. The fact that the North Tyne contributed significantly less in 2005 than in 1955 implies that the South Tyne contributed more to the increased main Tyne flow.
Comparison with floods before 1955
Whilst it is difficult to make direct comparison between the 2005 flood and historical floods, owing to the impact of gravel extraction, information on flood levels from several sources enables magnitudes for 20th century floods to be judged in comparison with the 1955 or 1947 floods (Table 3) . None reached the level of the 1955 flood or hence the 2005 flood. This conclusion is supported by descriptions of flood extent in local newspapers. For floods of the 19th century and earlier, the extreme floods of 1771 and 1815 can be used as a standard against which others can be compared. Key flood levels are provided by engraved flood stones at Newburn, Ovingham, Hexham and Acomb (Table 4) , while there is much supporting descriptive information (Garret, undated; Bell, 1816; Archer, 1992) . Levels, particularly of the 1771 flood, are significantly higher than the 1955 and 2005 floods and it is concluded that, even accounting for a reduction due to Kielder Water, these floods would still have exceeded the recent floods. Archer (1993) used a series of engraved flood stones to estimate the peak discharge of the 1771 flood as 3900 m 3 s -1 -by far the largest event magnitude estimated for any river in Britain. However, the extent of gravel extraction was not then fully appreciated and the discharge is now believed to be considerably lower, though not amenable to precise calculation.
However, the supremacy of the 1771 flood cannot be doubted. All the bridges on the Tyne and tributaries were washed away, with the exception of Corbridge; houses were reported flooded to their eaves, or destroyed; eight villagers were drowned at Bywell, eight at Ovingham and nine more in Newcastle, where the medieval bridge was destroyed.
As a further indication of the relative severity of the 1815 flood, it was reported that at Bywell the water reached "within four inches of the threshold of the castle". Although the 1856 and 1831 floods are well below the 1815 level at Newburn (Table 3) , these were still floods of unusual magnitude, and it is possible that one or both approached or exceeded the magnitude of the 1955 and 2005 floods. Descriptions of a further event in 1824, notably at Corbridge, suggest that this flood may have reached a similar level.
It is conceivable that three further floods in the 18th century-in 1722, 1763 and 1782-were greater than the 2005 flood. Bridges were washed away on the South Tyne in 1722, and in 1782 a bridge, recently constructed at Hexham by the renowned civil engineer John Smeaton, was destroyed (Linsley, 1994) .
DISCUSSION
Graphical methods recommended by Bayliss & Reed (2001) require that the flood be ranked so that a plotting position can be assigned. Various plotting position formulae specify the frequency at which to plot the ith largest flood in a series of n annual maximum values. The Gringorten (1963) formula, as recommended in the Flood Estimation Handbook (IH, 1999) for historical data in the UK, has been applied: p i = (i -0.44)/(n + 0.12) where p i is the exceedence probability; i is the descending ranked order; and n is the period to which the ranking relates.
A review of the historical data indicates that the 2005 flood was almost certainly the greatest flood on the Tyne since 1856, and probably the greatest since 1815. It had a marginally greater magnitude than the flood of 1955 on the main Tyne and the lower reaches of the South Tyne. A conservative estimate of the number of historical floods on the main Tyne to have exceeded the magnitude of the 2005 flood is two-the floods of 1771 and 1815-placing the 2005 flood at Rank 3 over the combined historical and gauged record periods.
The next question concerns the assignment of a value to the record period "n". Hirsch (1987) highlights the bias introduced if the time origin is simply taken to be the date of the earliest flood-in this case 1771 (n = 234 years)-though the bias is more marked for Rank 1 than for lower ranked floods. Bayliss & Reed (2001) indicate several alternatives, but do not make a definitive recommendation. For example, the time origin could be taken as preceding the first event by a fixed 20 years (n = 254 years), to the date of the previous flood that might conceivably have exceeded the 2005 event (1763 -242 years) or preceding the first event by the mean recurrence interval between events in the historical record (n = ~300 years). Application of these n values to the case where the 2005 flood is the Rank 3 event gives plotting positions as return periods ranging from 91 years (for n = 234) to 130 years (for n = 300 years).
It is also conceivable that one or more of the floods in 1824, 1831 and 1856 was greater than the 2005 flood on the main Tyne. Assuming just one further exceedence gives a Rank 4 position to the 2005 flood, and Gringorten plotting positions ranging from 66 to 84 years. Assuming all three of these floods were greater that the 2005 flood gives Rank 6 and a plotting position from 42 to 54 years.
Hence, estimates of the return period of the 2005 flood on the main Tyne, based on historical data, range from 42 to 130 years, but with a central estimate of 71 years (Fig. 3) . This central figure is similar to the single-site estimate of 79 years, but greater than the pooled estimate of 39 years, which lies outside the range of historical estimates. The pooled estimate is hardly consistent with the last previous exceedence of the event in 1815 or 1856 and should therefore be rejected as a basis for design.
Historical information on the North and South Tyne is more limited and less precise. However, there is evidence that a much greater proportion of the lower Tyne flow originated from the South Tyne in the 2005 event than in the 1955 flood. Hence it seems reasonable to accept the estimate of 90 year return period, for which the singlesite and pooled estimates nearly coincide. With respect to the North Tyne, the 2005 flood was unexceptional by pre-Kielder standards. Storage and attenuation at Kielder Water appear to have decreased peak flow in major events by over 200 m 3 s -1 .
CONCLUSIONS
The Tyne is one of the most difficult rivers on which to compare historical floods, owing to the effect of widespread gravel extraction on water levels for given flood discharge and the recent reduction in flood risk caused by flood storage and attenuation in Kielder Water. Therefore, the search for a single unchanging figure of risk or return period, whether for an extreme flood or for a design discharge of given risk, is elusive. Singlesite estimation runs risks of bias due to sampling error and accuracy of gauged data. Pooled data estimation risks bias due to heterogeneity in the selected set of pooled catchments. Historical flood data help to overcome the problems of data length and pooling homogeneity, but uncertainties in comparative historical flood magnitudes give rise to a wide range of possible return periods assigned to the 2005 flood from 42 to 130 years.
Nevertheless, historical analysis provides convincing evidence that the pooled estimate, which would be preferred in the absence of historical evidence, in this case seriously overestimates flood risk and can be rejected in favour of an estimate which more closely approximates to the single-site estimate.
